Quercus species occur widely in East Asia and are major tree species in Japan. The ground-grown seedlings of Quercus serrata and Quercus mongolica var. crispula were exposed to enriched ozone ambient + 40 ppbv over one growing season by using open-top-chambers OTC , and isoprene emissions from the two tree-species were measured across a growing season by using the leaf cuvette method. The isoprene emission rates of the two species were significantly affected by ozone, and the rate of Q. mongolica was reduced to a greater extent by ozone in October than that of Q. serrata. The stomatal conductance of Q. mongolica was higher than that of Q. serrata and not affected by O 3 even in September, suggesting that Q. mongolica absorbed a larger amount of ozone than Q. serrata did. Since the leaf content of the isoprene precursor dimethylallyl diphosphate DMAPP was not significantly different between the enriched ozone and filtered air treatments in July and September, isoprene synthase activity in Q. mongolica leaves might have been reduced to a greater extent by the high concentration of ozone due to higher ozone uptake via stomata. Ozone fumigation was also applied to potted Q. serrata seedlings grown in climate chambers to investigate the ozone effect under different growing conditions. The net photosynthetic rate and isoprene emission rate of the potted seedlings were much lower than those of the ground-grown seedlings in the OTC, regardless of the ozone treatments. Between treatments, the isoprene emission rate and DMAPP content were significantly decreased by enriched ozone, suggesting that reduced production of DMAPP is a cause of the decreased isoprene emission. Our two fumigation experiments revealed that the isoprene emission rates of the two Quercus species was decreased by high ozone concentration, but the possible mechanism may not be identical, depending on the experimental conditions.
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Introduction
Isoprene is a major volatile compound produced by plants. It is highly reactive to the OH radical in the atmosphere and enhances the formation of photochemical oxidants. Isoprene is also a source of secondary organic aerosols after being oxidized in the atmosphere, which may mitigate global warming by directly and indirectly reflecting solar radiation.
Quercus species occur widely in East Asia, and some of them are major isoprene emitters. Quercus serrata, Quercus mongolica var. crispula, Quercus dentata, and Quercus aliena have been revealed to be isoprene emitters, but Quercus acutissima and Quercus variabilis are non-emitters Tani and Kawawata, 2008 or very low emitters Lim et al., 2011 . In particular, Q. serrata and Q. mongolica var. crispula are the major tree species in East Asia and their isoprene emission rates of the mature trees lie in a high range, exceeding 50 nmol m 2 s 1 at 35 C Okumura et al., 2008; Tani et al., 2011 , suggesting that they are major source of isoprene in the region. In East Asia, the ozone concentration is increasing because of industrial development in the developing countries e.g. Komatsu et al., 2015 . Ozone has negative impacts on the growth of plants, including Quercus species e.g. Cotrozzi et al., 2017 . However, Q. serrata and Q. mongolica have been reported to be moderately ozone-sensitive and ozone-tolerant species Yamaguchi et al., 2011 ; allocations of carbon Kitao et al., 2015 and elements Shi et al., 2016 in the leaves were reported to be varied by 2-times ambient ozone concentration, which might not decrease the plants' biomass Kitao et al., 2015 . However, the effects of ozone on isoprene emission of these trees have not been addressed. T o estimate the isoprene emission response of forest ecosystems in East Asia to the ozone increase, it is necessary to collect data of the isoprene emission response of these trees and other major tree species against ozone.
Several studies on the short-term effects of ozone on plant isoprene emission have been conducted for other plant species to examine the acute response of the plants e.g. Laothawornkitkul et al., 2009 . Loreto and Velikova 2001 suggested that increased emission of isoprene quenched H 2 O 2 formed in the ozone-exposed leaves of Phragmites australis and reduced lipid peroxidation in the cellular membranes. The protective effect of isoprene was more obvious in the 8-h exposure experiment with a low ozone level 100 ppbv than in the 3-h exposure experiment with a high ozone level 300 ppbv . When an ozone-tolerant European Quercus species, Quercus pubescens, was used as the plant material, isoprene emission was enhanced by a high concentration of ozone 300 ppbv but not by intermediate 120 -280 ppbv and low 100 ppbv concentrations of ozone Velikova et al., 2005 . The increase in isoprene emission occurred when H 2 O 2 and the membrane peroxidation marker malonyldialdehyde inside the leaves started to be quenched, indicating isoprene may contribute to the quenching of reactive oxygen species and protection of membranes against ozone stress. On the other hand, Ryan et al. 2009 reported that the isoprene emission of an O 3 -sensitive genotype of a hybrid poplar was decreased by 8-h fumigation of 120 ppbv O 3 for 8 days, accompanied by decreased carotenoid content. However, no difference in the isoprene emission of the O 3 -tolerant genotype was observed between the O 3 treatment and control specimens. In these experiments, constant and high concentrations of O 3 100 -300 ppbv were used during the daytime to evaluate the acute physiological response of the plants. The results may be useful for understanding the role of isoprene emission in plant defense against ozone but may not be applied to estimate isoprene emission responses of plants acclimated over a long term to O 3 .
Very few studies have been conducted on the long-term effects of ozone on isoprene emission Calfapietra et al., 2007; Calfapietra et al., 2008; Hartikainen et al., 2009; Yuan et al., 2016 . When aspen Populus tremuloides was exposed to 1.5 ambient concentration of ozone over a long term by using a free-air CO 2 enrichment FACE facility, the isoprene emission rate decreased by 25 under elevated O 3 in the O 3 -sensitive clone and only slightly decreased in the O 3 -tolerant clone Calfapietra et al., 2008 . This indicates that the long-term adapted plants do not increase isoprene emission in response to O 3 . In this case, the isoprene precursor dimethylallyl diphosphate DMAPP was reported to decrease Calfapietra et al., 2008 , and gene expression and protein level of isoprene synthase were reduced Calfapietra et al., 2007 . When young hybrid poplars were exposed to enriched ozone ambient + 40ppbv by using an open-top chamber OTC , the isoprene emission rate decreased, accompanied by higher intercellular CO 2 concentration Yuan et al., 2016 . Since the ozone sensitivity of Q. serrata and Q. mongolica has been reported to be different Yamaguchi et al., 2011 , the effects of enriched O 3 on their isoprene emission rates might be different between the two species.
In the present study, we grew Q. serrata and Q. mongolica in the ground in OTCs for one growing season to measure their isoprene emission rates. Since seasonal variation in the isoprene emission rate of any plant species in response to O 3 has not been studied, except by Yuan et al. 2016 , we assessed it three times: in July, September, and October. Q. serrata was also grown in a pot inside a climate chamber to observe how experimental conditions including root growth conditions affected the isoprene emission characteristics against ozone when compared with the OTC experiment.
Materials and Methods
OTC experiment 2.1.1 Plant materials
Three-year-old seedlings of Q. serrata and Q. mongolica were purchased from a local nursery. The plant heights were 60 -80 cm. The original soil up to a depth of 60 cm in the OTCs was removed, and a soil mixture of 30 leaf mold, 30 Akadama soil, and 40 Andosol was added. Two or three seedlings of individual species, five seedlings in total, were planted together in every OTC on 15 March 2010.
Fumigation system
Six OTCs made from acrylic plates were used for the experiment. An OTC consists of a fumigation chamber 60 cm in width, 60 cm in depth, and 120 cm in height and an air-mixing chamber. The air-mixing chamber works as a buffer to mix the air with ozone supplied from an ozone generator OES-10A, Dylec, Japan . A detailed description of the OTC has been provided by Mochizuki et al. 2015 . Three treatments were established, filtered air, ambient air, and enriched O 3 , and two OTCs were used for each treatment. Five seedlings of each species were used for individual treatments. In [ filtered air ] , outside air drawn by two axial flow fans MU1238A-11B, Oriental Motor, Tokyo was passed through activated charcoal Wako chemical, Japan to remove ozone. The removal was not perfect, but the ozone concentration of the supplied air was < 20 ppbv in most cases. In [ ambient air ] , outside air was directly provided to the fumigation chamber by the fans. In [ enriched O 3 ] , ozone was added to the mixing chamber to adjust its concentration to 40 ppbv higher than the ambient level. The continuous ozone fumigation experiment was started on 9 June and ended on 15 October.
3 Leaf cuvette method
A portable photosynthetic measurement system Li-6400XT, Li-Cor, USA was used to sample the isoprene emitted from the plant leaves. The air flow from the leaf cuvette was divided into two lines; one was reconnected to a built-in infrared gas analyzer, and the other was used for the isoprene sampling for detailed description, see Okumura et al., 2008 . The flow rate, CO 2 concentration, photosynthetically active radiation, and leaf temperature in the leaf cuvette were controlled to be 500 μmol m 2 s 1 , 400 ppm, 1000 μmol m 2 s 1 and 30 C, respectively.
The measurement was conducted on several days in May before fumigation , July, September, and October. A sunlit leaf was chosen from the first-flushed leaves of every seedling. Same leaves were used for four measurements across the growing season, except some of the leaves that were damaged by insect herbivores and replaced by leaves nearby. The gas sampling was conducted from 8AM to 4PM in most cases.
The air flowing out from the leaf cuvette was sampled 20 min after the start of leaf enclosure as i soprene emission was estimated to be almost constant at that time in our previous experiment Tani and Kawawata, 2008 . The air was drawn at a flow rate of 200 mL min 1 for 10 min by a sampling pump MP-∑30, Shibata, Japan through an adsorbent tube containing 200 mg of Tenax-TA and 100 mg of Carbotrap. The net photosynthetic rate, stomatal conductance, intercellular CO 2 concentration, and other parameters were automatically recorded every 1 min during the gas sampling. After the measurements, leaf chlorophyll contents were estimated from SPAD values SPAD chlorophyll meter, SPAD-502; Konika Minolta, Japan , which have been proven to correlate with the chlorophyll contents of leaves Markwell, et al., 1995 . In October, they were not measured because of a malfunction of the device.
Isoprene and DMAPP analyses
Emissions from the plants were identified and quantified with a gas chromatograph mass spectrometer GC-MS; QP5050A, Shimadzu, Japan . The samples underwent a two-stage thermal desorption Turbo Matrix ATD, Perkin-Elmer , and compound separation was achieved usin g an SPB-5 capillary column 60 m 0.25 mm, 1 μm film thickness, Supelco, USA . The GC analytical procedures and parameters have been described in detail by Mochizuki et al. 2014 . The detection limit S / N = 3 of the GC-MS system was 0.03 -0.04 pmol. The amount of DMAPP was determined in July and September, according to the method described by Fisher et al. 2001 . Briefly, 100 to 150 mg of leaf tissue was ground in liquid nitrogen, 1 mL of distilled water was added, and the solution was poured into a 10-mL vial. For acid hydrolysis, 1 mL of 8 M H 2 SO 4 was added, and the vial was sealed with inert caps. After mixing, the vial was incubated for 90 min at 30 C, and 1 mL of the headspace gas was sampled and analyzed with GC-MS. Using four different amounts 3 to 30 nmol of DMAPP standard, we determined the conversion rate of DMAPP to isoprene to be 10 .
Climate chamber experiment 2.2.1 Plant materials
Two-year-old seedlings of Q. serrata were used for the first-year experiment. The plant heights were 30 -40 cm. Each plant was grown in a pot including a 2.4-L soil mixture of 30 leaf mold, 30 Akadama soil, and 40 Andosol. Nine seedlings were grown in each climate chamber. In the second-year experiment, two-year-old seedlings of non-emitters Q. acutissima and Q. variabilis, in addition to Q. serrata, were used. Six seedlings of each species, 18 seedlings in total, were grown in each climate chamber.
Fumigation system
The dimensions of the climate chamber KG-50HLAW-S Koito, Japan is 1200 mm width 815 mm depth 1800 mm height . The lighting sources were 10 three-wavelength fluorescent lamps FPR96EX-N/A, 96 W, Panasonic, Japan and 4 incandescent lamps TAI220V60WE, 60 W, Toshiba, Japan , and PAR was 500 μmol m 2 s 1 at the top of the seedlings. The air temperature in the chamber was maintained at 27 C and 20 C during the 16-h light and 8-h dark periods, respectively. Two chambers were used for the experiments: one for filtered air and the other for enriched ozone. In the filtered air treatment, outside air was passed through a chemical filter CleanSorbII, Nippon Puretech, Japan to maintain the ozone concentration in the air at less than 5 ppbv. In the enriched ozone treatment, the ozone concentration was increased from <5 ppb to 60 ppb within 30 min at 0930 and maintained at 60 ppb until 1200. It was increased to 120 ppb within 30 min and maintained until 1530.
Then, it was gradually decreased to less than 5 ppb within 3 h. The first-year experiment was initiated on 16 June 2008, and the second-year experiment on 11 August 2009.
Sampling and analysis
Isoprene emitted from the tree seedlings was collected on days 30 -32, 72 -75, and 100 -103 after the start of the first-year experiment and on days 22 -24 and 55 -57 after the start of the second-year experiment. The gas samp ling method was the same as that used in OTC experiment. The physiological parameters were measured with the leaf cuvette method. The amount of DMAPP was determined in the second-year experiment. The sampling and analytical methods were the same as those used in the OTC experiment.
Statistical analysis
The statistical significance between treatments, between species, between measurement dates, and their interactions was analyzed using analysis of variance ANOVA with the Excel Statistics 2008 program for Windows SSRI, Japan . Within individual species, two-way ANOVA was used to investigate statistical differences between treatments, between measurement dates, and their interactions. When a significant difference was observed in the ANOVA tests, the Tukey -Kramer multip le range test was applied to identify the significant differences between treatments for individual species and individual measurement dates.
Results
OTC experiment
Ozone The SPAD values were significantly affected by the months, species, and treatments; higher SPAD values were observed in July and September, indicating the chlorophyll content was high in summer. The SPAD value of Q. mongolica was significantly lower under [ enriched O 3 ] than under [ filtered air ] in September. The shoot dry weight measured after the end of the experiment showed no significant differences between treatments for both species Fig. 3 . 
Climate chamber experiment
In the first-year experiment, E gradually decreased with the days and was significantly lower under [ In the second-year experiment, the DMAPP content was also measured. It was significantly and greatly lower under 
Discussion
The isoprene emission rate E was plotted against the accumulated amount of ozone over the threshold value of 40 ppb AOT40 in the three experiments Fig. 5 . Trends of the experimental data suggest that values of E started to decrease at around AOT40 of 10 ppm h. Yuan et al. 2016 reported that AOT40 at the end of the 98-day O 3 fumigation experiment was 4.4 and 38.7 ppm h under [ filtered air ] and [ enriched O 3 ] , respectively, and they observed a lower isoprene emission rate under [ enriched O 3 ] at the middle and end of the experiment. Kitao et al. 2015 measured the net photosynthetic rate A and biomass of ozone-fumigated 2-year-old saplings of Q. mongolica and Q. serrata and reported that these plants showed increased shoot / root ratio under AOT40 > 50 ppm h, when compared with an AOT40 of ~10 ppm h, to compensate for the decreased photosynthetic rate, resulting in no decreases in total biomass. Although the threshold sometimes referred to as "critical level" of AOT40 affecting each physiological parameter could differ among the parameters, the value limiting isoprene emission seems to be low when compared with the other limiting parameters Fuhrer et al., 1997; Yamaguchi et al., 2011 , suggesting that isoprene emission may be the most sensitive physiological parameter against O 3 .
Estimation of actual amounts of O 3 absorbed by a plant leaf during a fumigation experiment may be a more useful index for investigating the plant response to O 3 Hoshika et al., 2015 ;  however, we did not measure diurnal variation in g S of the two plant species to calculate the value. We compared the contribution of the stomatal conductance, only during the measurement periods, between the two species to assess the amount of O 3 uptake.
Ozone effects on plant photosynthesis include not only decreased stomatal conductance limiting CO 2 uptake, but also reduced activities of biochemical parameters such as carboxylation efficiency Watanabe et al., 2017 . The stomatal conductance of Q. mongolica was significantly higher than that of Q. serrata and not affected by O 3 Table 1 half of the experiment. The result suggests that the decreased A under [ enriched O 3 ] was caused by the decreased carboxylation efficiency and not by limitation of CO 2 uptake by the stomata. On the other hand, the stomatal conductance of Q. serrata was decreased in the latter half of the experiment, indicating that the plant tried to limit toxic O 3 uptake by stomatal control. As a result, the difference in Ci was insignificant between treatments, probably with less inhibition of carboxylation efficiency. In this case , the photosynthetic rate was mainly regulated by the stomata. Thus, stomatal response to O 3 and the cause of the decreased photosynthetic rate were different between the two species.
The isoprene emission rates of the two species were significant between treatments on the basis of 2-way ANOVA, but on the basis of month by month, the rates of Q. mongolica were only significantly reduced by high O 3 concentration in September and October. Similar to th e carboxylation efficiency, the larger cumulative amount of O 3 absorbed by Q. mongolica, compared with Q. serrata, greatly inhibited isoprene synthesis in the latter half Fig. 2 , suggesting that Q. mongolica is more sensitive against O 3 in terms of isoprene synthesis. According to Yamaguchi et al. 2011 , Q. mongolica is more tolerant against O 3 than Q. serrata, but this is not case for isoprene emission. Ozone has been reported to accelerate the foliar senescence of plant leaves Pell et al., 1997 , and, in our OTC experiment, the chlorophyll content was decreased by enriched O 3 in September. Although the SPAD values were not measured in October because of device malfunction, the September measurement indicated that obvious chlorosis was observed in Q. mongolica Table 1 . As suggested by Ryan et al. 2009 , physiological parameters including E, A, carboxylation efficiency, g S and SPAD value could be affected differently by O 3 , and classification of ozone-tolerant or ozone-sensitive species should be made using more sets of the parameters. Yuan et al. 2016 speculated that higher Ci due to the reduced photosynthetic rate under [ enriched O 3 ] might decrease the availability of phosphoenolpyruvate PEP for isoprene synthesis. Monson et al. 2016 obtained an A-Ci curve for field-grown poplar at ambient O 3 levels and showed that the isoprene emission rate decreased with an increase in Ci at 25 C. The authors attributed the cause to a decreased pool size of DMAPP with the increase in Ci. As evidence for this hypothesis, the DMAPP content was observed to be lower under [ enriched O 3 ] than under the control in the aspen FACE experiment Calfapietra et al., 2008 . In our experiment, a significantly reduced isoprene emission rate under [ enriched O 3 ] was observed for Q. mongolica, and Ci under [ enriched O 3 ] was significantly higher than that in the other two treatments. This result is consistent with those of the abovementioned studies of Yuan et al. 2016 and Monson et al. 2016 . However, we did not see a significantly lower DMAPP content in the two species during July and September.
The other cause of the reduced isoprene emission rate might be the decreased activity of isoprene synthase. Calfapietra et al. 2007 reported that the reduced gene expression and protein level of isoprene synthase might be involved in the decreased isoprene emission rate of aspen under [ enriched O 3 ] in the FACE experiment. With respect to short-term exposure, the isoprene emission rate of Populus alba was increased by O 3 exposure, with increased mRNA copy numbers of isoprene synthase Fares et al., 2006 . Both results suggest that isoprene synthase is a key factor that controls isoprene emission at high O 3 levels. We did not measure any parameters relevant to isoprene synthase, but this may be a possible reason for the reduced isoprene emission rate of Q. mongolica and Q. serrata in our experiment. Table 1 . These differences were observed even in the control plants and may be attributed to the experimental conditions. In particular, restricted soil volume 2.4 L in the pot might reduce the water availability of the plants and decrease the stomatal conductance. Similarly, reduction in the photosynthetic rate of potted plants, when compared with ground-grown plants, has been reported e.g. Arp, 1991; Thomas and Strain, 1991 .
E of the potted seedlings was also low when compared with the E of the OTC-grown plants, and a larger reduction of E ~40 was observed under [ enriched O 3 ] . In this case, limited supply of PEP for DMAPP synthesis resulting from very low A and high Ci significantly different between treatments in the first-year experiment might have resulted in the decreased DMAPP content in the O 3 -fumigated leaves Fig. 4 Yuan et al. 2016 , Monson et al., 2016 In the climate chamber experiments, it was unclear whether the decreased activity of isoprene synthase co-occurred, but the reduction in DMAPP content might be a major reason for the decreased E. Thus, isoprene emission from Q. serrata was affected in a different manner by enriched ozone, depending on the experimental conditions.
A previous study showed that a sensitive tobacco cultivar Bel W3 started to produce large amounts of sesquiterpenes, methylsalicylate, C6-alcohols, and C6-aldehydes after it was exposed to high concentrations of O 3 120 -170 ppbv Heiden et al., 1999 . The authors attributed the increased emission of C6 compounds to lipid peroxidation and the increased emissions of sesquiterpenes and methylsalicylate to the activated lipoxygenase pathway. We speculated that the non-emitters Q. acutissima and Q. variabilis in the climate chambers may change into terpenoid emitters after ozone fumigation for 60 days. However, we did detect no emissions of these compounds after the O 3 fumigation.
Conclusion
The isoprene emission rates of the ground-grown seedlings of Q. serrata and Q. mongolica were significantly reduced by enriched ozone ambient + 40 ppbv , and the reduction was more obvious for Q. mongolica in the latter half of the experiment. The stomatal conductance of Q. mongolica was higher than that of Q. serrata and not affected by ozone, indicating that a larger amount of ozone was absorbed by Q. mongolica leaves. Since the leaf DMAPP content of Q. mongolica was not different between [ enriched O 3 ] and [ filtered air ] even in September, it may be caused by decreased isoprene synthase activity due to higher O 3 uptake. The reduction in the isoprene emission rates of Q. serrata may be caused by different mechanisms between the OTC and climate chamber experiments: isoprene synthase reduction was suspected in the OTC experiment, whereas DMAPP content was decreased in the climate chamber experiment. The controversy results suggest that the effects of ozone on isoprene emission from Q. serrata may not be identical, depending on the experimental conditions.
